Abstract: A unique specimen of fossil resin originating from the Dipterocarpaceae tree family found in Miocene brown coal deposits in Jambi Province (Sumatra, Indonesia) was investigated via microscopic observations, microhardness testing and infrared and Raman spectroscopic methods. Its form is rare in nature, being an aggregate of three varieties of resin differing in colour, transparency and internal structure. This suggests the formation of the resins at different stages. Further alteration processes, including fossilization and maturation of the resin in a swamp environment resulted in stepwise aromatization of the cyclohexane ring in steroids and cross-linking through formation of ester bonds as well as carbon-carbon bonds between steroid molecules. The various environmental and geological conditions affecting the formation processes of the resins were recorded in their physico-chemical properties. Additionally, heating conditions accelerated by volcanism were proposed as a factor determining the maturation grade of the resin.
Introduction
The natural resins (fossil or modern) are caustobioliths, genetically belonging to the group of liptobiolites [1] . Regardless of their provenance or their geological environment and age, they are products of the defence mechanisms of both coniferous and angiosperm trees and were formed millions of years ago. They are found in sedimentary rocks from the Devonian to the Cenozoic; however, they are mostly accumulated within the Palaeogene to Neogene sediments [2] . Resins were very often transported from primary deposits to younger geological layers. In these cases, resin dating is disputable and uncertain. The accumulation of amber in deposits of various ages is related to a period of increased resin production caused by various environmental and geological conditions, for example volcanic activity [3] . Forest fires and pest infestation caused by climate change may also increase resin production. The intense resin exudation from trees was usually part of the self-protection mechanisms of various plants. The chemical and physical properties of fossil resins depend primarily on their botanical source; nevertheless, various environmental and geological conditions occurring during fossilization may also affect the resins [2, [4] [5] [6] . As an example, one can cite redox conditions after burial, which influence the alteration of organic matter [5] . Later transformations are accelerated by temperature and pressure conditions during diagenesis and/or catagenesis; however, the duration of heating is also important [5] . Knowledge of the composition and physical properties of resins allows their botanical affinity to be determined and their evolutionary history to be reconstructed from the time of their formation through their transportation and final fossilization processes.
Preservation of fossil resins depends on how fast they were buried and isolated from oxygen, sunlight and biological conditions, together with other factors causing their biodegradation [2] . For example, sandy sediments allowing water migration are not suitable for organic matter preservation [5] . Therefore, many fossil resins are found within coal deposits formed under reducing, anaerobic conditions, such as the world's largest fossil resin deposit located on the island of Borneo-in both the Malaysian and Indonesian parts [7] . This deposit is found within coal beds of Miocene age. Similar conditions occurred in coal deposits located in South Sumatra.
Fossil resins from Sumatra were formed from exudates of the Dipterocarpaceae family, belonging to the angiosperm group of trees, particularly from the genera Shorea and Hopea [8] [9] [10] . According to [11] , Sumatran fossil resins may be distinguished from resins from other localities worldwide (Baltic, Dominican and Myanmar resins) based on distinctive inclusion characteristics (numerous round and oval-shaped droplets) and a diagnostic mid-IR spectrum. However, it must be noted that the presence of droplets is not characteristic only of Sumatran resin. They have also been described in Triassic fossil resins from Italy [12] and French Cretaceous resins [13] . The presence of fossil insects and plants in the Sumatran resins has not been detected in previous studies [11] . A detailed description of the internal structures and forms of Sumatran fossils was given in [3] . The FT-IR characteristic of the specimens, as discussed in [14] , revealed their similarity to resins of the glessite type, found in the Bitterfeld deposit (Saxony-Anhalt, Eastern Germany) (vide [15] [16] [17] [18] ).
The aim of the study was to reconstruct the fossilization history of a fossil resin specimen from the island of Sumatra (Jambi Province) via microscopic observations, microhardness testing and infrared (FT-IR) and Raman spectroscopy (RS). The specimen is a unique aggregate of three different resin varieties distinguishable on the basis of their colour, transparency and internal structure. This allowed us to examine the alteration processes of those resins from the time of their formation to their present-day form.
Materials and Methods

Sampling
The samples of fossil resin originate from the south part of the island of Sumatra, 15 km south of Jambi city (Sarolangun mine). The size of Sumatran resins varies from very small, with a diameter of a few mm, to very large, weighing up to several hundred grams. Larger specimens of Sumatran resin are usually aggregates of three different types of resin ( Figure 1 ). These three varieties of Sumatran resin were individually analysed with stereoscopic and polarizing microscopes, microhardness testing and finally, spectroscopic analysis (FT-IR and RS). Microscopic observations, microhardness measurements and FT-IR analyses were conducted at laboratories at the Faculty of Geology, Geophysics and Environmental Protection, AGH University of Science and Technology, Krakow (Poland) and Slovak Academy of Sciences, Banská Bystrica (Slovakia). Raman spectra were recorded at Tusnovics Instruments SP, Krakow (Poland).
Microscopic Methods
The internal structures of resins were observed using a stereoscopic microscope SNZ-168, coupled with a digital camera (with 0.75×, 1×, 2×, 3×, 4× and 5× objectives), in conjunction with the Panasis computer program. Standard optical examinations were carried out with an Olympus BX 51 polarizing microscope (Tokyo, Japan). Organic inclusions were observed using a polarizing microscope (Axioplan, Zeiss-Opton, Oberkochen, Germany) in the reflected light mode. For the microscopic observations thin sections were made. 
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Microhardness Measurements
Microhardness measurements were performed using the Russian microhardness tester PMT-3. The Vickers hardness test was performed using the mode in which the microhardness HV (kG/mm 2 = 9,806,650 Pa) is determined by the ratio F/A, where F is the force applied to the sample by a squarebased diamond pyramid of dihedral angle 136° in kilograms-force and A is the lateral area of the resulting indentation in square millimetres. A 250 mg load was used for the measurements. The duration of the pressure of the diamond pyramid on the sample was 10 s. The test was conducted on the smooth surface of all the varieties of the samples, repeating the measurement 30 times in different places on the samples. Microhardness was calculated based on the arithmetic average of the results.
Spectroscopic Methods
FT-IR analyses were performed using a Thermo Scientific Nicolet 6700 spectrometer (Madison, WI, USA). Spectra were recorded at room temperature in the range 400-4000 cm −1 , with a resolution of 4 cm −1 . A sample/KBr mixture (3 wt %) was analysed using the DRIFT (Diffuse Reflectance Infrared Fourier Transform) technique with a Praying Mantis diffuse reflection accessory (Harrick, Pleasantville, NY, USA). The DRIFT technique gives a higher signal-to-noise ratio compared to the standard KBr pellet procedure. Obtained spectra were transformed using the Kubelka-Munk function and signal intensity is given in Kubelka-Munk units.
Raman spectra of fossil resins in the range 2000-200 cm −1 were recorded using a Rigaku Progeny ResQ spectrometer with a laser of wavelength 1064 nm. The laser focus diameter was 1-2 μm.
Geological Settings
The samples of resins from the dumps of the Sarolangun mine ( Figure 2A ) were found within coal and lignite beds dating to the early Miocene (20-23 Ma) and belonging to numerous levels of the South Sumatra Basin, including the Talang Akar formation ( [19] -vide Figure 2B ).
The Talang Akar formation (TAF) represents the sedimentary cycle extending from the late Oligocene to the early Miocene [20] . The TAF succession represents a regressive unit, with shales and 
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Raman spectra of fossil resins in the range 2000-200 cm −1 were recorded using a Rigaku Progeny ResQ spectrometer with a laser of wavelength 1064 nm. The laser focus diameter was 1-2 µm.
Geological Settings
The samples of resins from the dumps of the Sarolangun mine ( Figure 2A ) were found within coal and lignite beds dating to the early Miocene (20) (21) (22) (23) and belonging to numerous levels of the South Sumatra Basin, including the Talang Akar formation ( [19] -vide Figure 2B ).
The Talang Akar formation (TAF) represents the sedimentary cycle extending from the late Oligocene to the early Miocene [20] . The TAF succession represents a regressive unit, with shales and sandstones deposited in a fluvio-deltaic environment building the upper part of the formation profile [21] . This unit is overlain by the early and middle Miocene sediments representing transgressive depositional systems. All these formations were uplifted, folded and faulted due to the Pliocene-Pleistocene orogeny [20] associated with volcanic activity ( Figure 2C ,D). Fossil resins from Jambi Province occur in immature coal layers (lignite beds) [22] .
The palaeoenvironment of Sumatra during the Tertiary period had a warm and humid climate. It was a part of southern Sundaland located within ±10 • of the equator, with a palaeoclimate favourable for peat formation ( Figure 2A ) [22] .
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Results
Physical Investigations
The three varieties within the sample of Sumatran resin ( Figure 1 , Table 1 ) were distinguished according to their physical properties, such as colour and transparency.
Under microscopic observation, the three resin varieties differ from each other with regard to their internal structures ( Figure 3 ). Variety I is bright yellow, transparent and relatively clear, with only small amounts of inclusions ( Figure 3A ,B). Variety II is a dark, translucent resin. Small microdrops with sizes up to 150 μm were observed. Small dark inclusions were probably particles of coalified plant material ( Figure 3C ,D). Variety III is an opaque resin with a solid foam-like structure 
Results
Physical Investigations
Under microscopic observation, the three resin varieties differ from each other with regard to their internal structures ( Figure 3 ). Variety I is bright yellow, transparent and relatively clear, with only small amounts of inclusions ( Figure 3A ,B). Variety II is a dark, translucent resin. Small microdrops with sizes up to 150 µm were observed. Small dark inclusions were probably particles of coalified plant material ( Figure 3C ,D). Variety III is an opaque resin with a solid foam-like structure containing droplets filled with variety I resin, previously described in [3] as a relic of volcanism ( Figure 3E ,F).
In one sample, all three resin varieties were mixed together; however, the borders between them were distinctly marked ( Figure 4 ). containing droplets filled with variety I resin, previously described in [3] as a relic of volcanism ( Figure 3E,F) . In one sample, all three resin varieties were mixed together; however, the borders between them were distinctly marked ( Figure 4 ). Under transmitted light, resin variety I showed the presence of coalified plant material with specific morphological shape and opacity. Spherical accumulations of organic material inclusions with preserved envelopes were observed. The inclusions resembled plant microspores or fragments of channels of strongly macerated wood. Resin variety II contained evenly distributed opaque detritus ( Figure 5 ), probably fungus spores or plant pollen, both of which are relatively common in brown coal. This pigment is probably responsible for the darker coloration of this variety. Resin variety III contained evenly distributed microdroplets showing yellow colours with crossed polarizers, probably mineral substances of a lipid type ( Figure 6 ). The presence of numerous elongated, oval microdroplets is responsible for the fluid microtexture of this variety ( Figures 3E and 4) .
In reflected light, all resin varieties show bright colour with low contrast. Furthermore, the resin varieties differ in their reflectivity. Microscopic observations confirmed the presence of coalified organic material with variable but generally low reflectivity.
In UV light (blue, unpolarized) Sumatran resins emitted variable fluorescence with the intensity depending on the variety. The strongest blue fluorescence was observed for resin variety III ( Figure  7A ,B), which was due to a sheath of droplets of variety I.
The calculated microhardness values were: 26.297 ± 3.662 (variety I), 24.304 ± 4.780 (variety II) and 24.232 ± 4.631 (variety III) kG/mm 2 . There was no statistically significant difference between the microhardness measurements of all three specimens; however, variety I showed a slightly higher value than the other varieties. Under transmitted light, resin variety I showed the presence of coalified plant material with specific morphological shape and opacity. Spherical accumulations of organic material inclusions with preserved envelopes were observed. The inclusions resembled plant microspores or fragments of channels of strongly macerated wood. Resin variety II contained evenly distributed opaque detritus ( Figure 5 ), probably fungus spores or plant pollen, both of which are relatively common in brown coal. This pigment is probably responsible for the darker coloration of this variety. Resin variety III contained evenly distributed microdroplets showing yellow colours with crossed polarizers, probably mineral substances of a lipid type ( Figure 6 ). The presence of numerous elongated, oval microdroplets is responsible for the fluid microtexture of this variety ( Figures 3E and 4) .
In UV light (blue, unpolarized) Sumatran resins emitted variable fluorescence with the intensity depending on the variety. The strongest blue fluorescence was observed for resin variety III ( Figure 7A,B) , which was due to a sheath of droplets of variety I.
The calculated microhardness values were: 26.297 ± 3.662 (variety I), 24.304 ± 4.780 (variety II) and 24.232 ± 4.631 (variety III) kG/mm 2 . There was no statistically significant difference between the microhardness measurements of all three specimens; however, variety I showed a slightly higher value than the other varieties. 
Spectroscopic Studies
FT-IR Analysis
Resins are plant exudates; therefore, adsorption bands characteristic of hydrocarbons are present in their FT-IR spectra ( Figure 8 , Table 2 ). In the wavenumber region 3600-3200 cm −1 , all spectra show a broad band with a maximum at ~3400 cm −1 corresponding to the OH stretching vibrations in alcohols and carboxylic acids [20, 21] . The most intense bands are attributed to C-H stretching and bending vibrations observed in the 3000-2800 and 1500-1350 cm −1 regions respectively. In the region 3000-2800 cm −1 , three distinct bands are observed, probably corresponding to the alkyl stretching mode [24, 25] ; however, their shape differs in the spectra of the investigated samples ( Figure 6 ). The latter region contains bands with maxima at ~1456, ~1384 and ~1367 cm −1 which are exclusively related to CH2 and CH3 bending vibrations [24] [25] [26] . An important feature of the analysed resins is the presence of absorption bands in the 1800-1600 cm −1 region, corresponding to carbonyl group (C=O) stretching vibrations [24] [25] [26] . Resin variety I has the most symmetrically shaped band with a maximum at ~1690 cm −1 ( Figure 6 ). The presence of more than one band in this region suggests that the C=O group can be attributed to esters, ketones, carboxylic acids or even lactones. This is clearly observed in the spectra of varieties II and III. A band at ~1730 cm −1 may be assigned to esters [24, 25] . An important feature which differentiates variety I from the others is the lack of the ~1600 cm −1 band which is probably related to aromatic compounds. There were no significant differences in the 1350-800 cm −1 region corresponding to vibrations of C-C, C-H and C-O (in esters) bonds. In variety I, the band at ~1050 cm −1 is more visible. 
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Resins are plant exudates; therefore, adsorption bands characteristic of hydrocarbons are present in their FT-IR spectra ( Figure 8 , Table 2 ). In the wavenumber region 3600-3200 cm −1 , all spectra show a broad band with a maximum at~3400 cm −1 corresponding to the OH stretching vibrations in alcohols and carboxylic acids [20, 21] . The most intense bands are attributed to C-H stretching and bending vibrations observed in the 3000-2800 and 1500-1350 cm −1 regions respectively. In the region 3000-2800 cm −1 , three distinct bands are observed, probably corresponding to the alkyl stretching mode [24, 25] ; however, their shape differs in the spectra of the investigated samples ( Figure 6 ). The latter region contains bands with maxima at~1456,~1384 and~1367 cm −1 which are exclusively related to CH 2 and CH 3 bending vibrations [24] [25] [26] . An important feature of the analysed resins is the presence of absorption bands in the 1800-1600 cm −1 region, corresponding to carbonyl group (C=O) stretching vibrations [24] [25] [26] . Resin variety I has the most symmetrically shaped band with a maximum at~1690 cm −1 ( Figure 6 ). The presence of more than one band in this region suggests that the C=O group can be attributed to esters, ketones, carboxylic acids or even lactones. This is clearly observed in the spectra of varieties II and III. A band at~1730 cm −1 may be assigned to esters [24, 25] . An important feature which differentiates variety I from the others is the lack of the~1600 cm −1 band which is probably related to aromatic compounds. There were no significant differences in the 1350-800 cm −1 region corresponding to vibrations of C-C, C-H and C-O (in esters) bonds. In variety I, the band at~1050 cm −1 is more visible. 
RS Analysis
The Raman spectra of fossil resins from Sumatra show characteristic bands at~1650 and 1450 cm −1 (Table 3, Figure 9 ) which are considered diagnostic for the interpretation of the maturation processes of fossil resins [5, [28] [29] [30] . The~1650 cm −1 band is related to C=C bonds (unsaturated hydrocarbons), while the~1450 cm −1 band can probably be assigned to an asymmetric deformation of CH 3 and CH 2 groups [5] . The band at 1450 cm −1 is higher than that at 1650 cm −1 and the intensity ratio of the 1650/1450 cm −1 bands ranges from 0.39 (variety I) to 0.43 (variety III) and 0.44 (variety II). Additional bands at~680 cm −1 and~730 cm −1 are here assigned to aromatic out-of-plane deformation [29] . The bands between 500 and 600 cm −1 can probably be assigned to ring deformation vibration of the alicyclic ring [30] . 
Discussion
The evolutionary history of fossil resins begins at the time of their exudation. Thus, the physical and chemical properties of the resins are shaped in their primary environment, depending on the biocoenosis of the amber-producing forests and on climatic conditions, including humidity and insolation [2] . Further alterations of the fossil resins take place in geological systems, where such factors as pressure, temperature and time influence their diagenetic pathways [2] . The results of microscopic and spectroscopic studies may be helpful for elucidation of a resin's origin, the steps in fossil resin formation processes and the subsequent alterations in the geological environment.
The factors which induced trees to produce resins in the Sundaland area during the Miocene epoch have not yet been elucidated. According to [32, 33] , resin exudation was the trees' response to beetle infestations enhanced by increased temperature. Nevertheless, the presence of volcanic activity as a geological factor responsible for Sumatran resin formation has been already proven in [3] by the presence of numerous mineral and rock inclusions in their structures, e.g., pyrogenic quartz, fragments of tonsteins and volcanic glass. In addition, the internal structure of resin variety III, especially the presence of droplets filled with resin variety I, was previously interpreted as resulting from boiling conditions during volcanic activity [3] . According to these authors, resin production was a tree's response to unfavourable climatic conditions influenced by volcanic explosions.
The resins were formed from different tree exudate outflows. The Sumatran resin variety I (transparent) is relatively poor in inclusions, and therefore it could be formed inside the trunk or within a specific part of the tree, e.g., branch junctions. Resin variety III (opaque) with a solid foamlike structure was probably formed subsequently outside the trunk, and therefore it contains many organic inclusions which may have been wind-transported from the surrounding ecosystem. The 
The resins were formed from different tree exudate outflows. The Sumatran resin variety I (transparent) is relatively poor in inclusions, and therefore it could be formed inside the trunk or within a specific part of the tree, e.g., branch junctions. Resin variety III (opaque) with a solid foam-like structure was probably formed subsequently outside the trunk, and therefore it contains many organic inclusions which may have been wind-transported from the surrounding ecosystem. The linear distribution of droplets suggests that the resin was formed as a result of the slow flow of resinous material with low viscosity. Therefore, this resin variety was the most affected by environmental factors (biological, climatic). Resin variety II seems to be the youngest-this resin seems to have become a binder for varieties I and III. It was formed as the tree's response to progressive deterioration in environmental conditions probably due to the increasing volcanism. It contains a great deal of dispersed coalified detritus material in its structure. Hence, it is assumed this resin could have lain on the surface layer of soil formed by decayed plant detritus, just under the resin-exuding trees.
Varieties II and III of the Sumatran resin exhibit similar FT-IR spectra in the fingerprint region (below 1800 cm −1 ), while variety I shows some differences. Strong differences are observed in the region of carbonyl and alcohol groups and unsaturated hydrocarbons. This may be caused by oxidation processes leading to the formation of oxygen-containing organic compounds. The oxidation processes may be induced by environmental (sunlight), biological and even geological (iron minerals) factors; however, it is still unknown whether the oxidation process occurred before burial or after formation of the fossil resin.
After deposition in the sedimentary basin, fossil resins underwent further alterations controlled by such factors as temperature, pressure, permeating fluids and time [2] . The proposed fossilization mechanism of the Sumatran specimens is polymerization through formation of carbon-carbon bonds between terpenoid molecules and elimination of water molecules from oxygen-containing compounds [8] . FT-IR and RS spectra show that the investigated resin specimens are mainly mixtures of various terpenoids. The infrared spectra show the presence of a cyclohexane ring (the band at 1043 cm −1 , which is characteristic of ring deformation vibration). Moreover, Raman and infrared spectra show the presence of an aromatic ring (1600 cm −1 FT-IR band;~730 cm −1 and~680 cm −1 RS bands). This suggests that aromatization of the cyclohexane ring was the part of the fossilization process. The presence of carboxylic, ester and hydroxyl groups, as well as a terminal methylene group =CH 2 suggests that fossilization occurred through formation of unsaturated C=C bonds and their subsequent oxidation to form carboxylic and hydroxyl groups. Following this, the process was probably the cross-linking of compounds through formation of ester bonds. Plant exudates contain various organic compounds, such as phenols, alcohols and carboxylic acids, that may form polymer-like structures via esterification reactions induced by fossilization processes. The band characteristic of alcohol and large-molecule skeletal vibration overlaps with bands that indicate presence of epoxides or peroxides (865, 1165 and 1265 cm −1 ) or peroxides (830-890 cm −1 ).
The degree of a resin's maturation depends not only on the age of the sample but also on its geological history, as recorded in its physical and chemical properties [5, 6] . The microhardness of all the resin specimens was very low in comparison to other Tertiary resins, e.g., Bitterfeld glessite (vide [34] ). In contrast, the Raman band intensity ratio 1650/1450 cm −1 is very low, and comparable to older resins, e.g., Baltic amber (succinite) [6, 30] which suggests loss of a double bond in polymerization. However, a higher degree of polymerization should have resulted in hardening of the resin. Therefore, the loss of the double bond may be a result of an oxidation process induced, for example, by volcanic activity in the region where resin was formed [3, 8] . Volcanism as a source of heating is also suggested by the fact that Sumatran resins exhibit a relatively high maturation grade according to the Raman spectroscopy, which was not expected for resins of Miocene age. Therefore, time could not have been the only factor determining the fossilization mechanisms.
Additionally, the FT-IR spectra of resin varieties II and III revealed the presence of the~1600 cm −1 band usually assigned to fluorescent aromatic compounds. UV-microscopic imaging shows a higher intensity of blue light in varieties III and II compared to variety I. Fluorescence analysis of Sumatran fossil resins will be a subject of further study, together with their chemical composition. The occurrence of aromatic hydrocarbons in fossil resins from swamp depositional systems is very probable, due to the reducing environment, which is favourable for aromatization of compounds contained in plant exudates.
Conclusions
1.
Fossil resin from the island of Sumatra (Jambi Province, Sarolangun mine) occurs in three varieties, which differ macroscopically in their colour and transparency. 2.
Resin specimens were formed from exudates from different times and locations, and thus they varied in clarity, inclusion content, maturation degree and fluorescence properties. 3.
Aromatization of the cyclohexane ring was found to be part of the fossilization mechanism. This is supported by consideration of the reducing environment of the swamp where the resins were deposited and buried. 4.
The maturation grade of fossil resins assessed via Raman spectroscopy was higher than expected for resins of Miocene age. 5.
Volcanism, which was previously documented as a factor determining the increased resin production during the Miocene epoch, was also responsible for the relatively high maturation grade of the fossil resins.
